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1
OPTIMIZING CONTRACTUAL
MANAGEMENT OF THE TOTAL OUTPUT OF
A FLEET OF FUEL CELLS

BACKGROUND

The present invention relates generally to the field of power
generation optimization and management. Specifically, the
present invention is directed to optimize operation of a fleet of
fuel cell systems to achieve an objective or a set of objectives.

The following description of the background of the inven-
tion is provided simply as an aid in understanding the inven-
tion and is not admitted to describe or constitute prior art to
the invention.

Industrial power generation capability may be provided to
a customer as a fleet of fuel cell modules that are managed to
achieve an objective or a set of objectives. The objectives may
vary depending on the business model under which the power
generation is provided.

Given the complex interactions between independent vari-
ables that relate to the objectives of the fleet, there is a need to
automate the collection of real-time operational data from
fuel cell systems and the control of the systems within the
fleet and to achieve one or more operational objectives.

SUMMARY

Anembodiment is directed to a power generator. A fuel cell
fleet has a plurality of fuel cell systems each connected to a
data server. The data server may be configured to obtain
operational data from of the plurality of fuel cell systems. An
efficiency controller is operably connected to the data server.
The efficiency controller is configured to predict an efficiency
and a power output of the fleet from the operational data and
to optimize the efficiency ofthe fleet to minimize the fleet fuel
consumption while maintaining a desired fleet output power.
The efficiency may be determined by a ratio ofthe fleet output
current or output power to the fleet fuel consumption.

Another embodiment is directed to a power generator. A
fuel cell fleet has a plurality of fuel cell systems each con-
nected to a data server. In this embodiment, at least one or
more of the plurality of fuel cell systems is operational. The
data server is configured to obtain operational data from each
of the plurality of fuel cell systems. The data server is oper-
ably connected to a total maintained output (TMO) controller.
The TMO controller is configured to determine a TMO power
for the fleet integrated over a time period from the operational
data, compare the TMO power over the time period toa TMO
power set point established for the fleet, and increase the
power output of the operational fuel cell systems of the fleet
when the TMO power over the time period is less than the
TMO power set point.

Another embodiment is directed to method for optimizing
the efficiency of a fuel cell fleet having a plurality of fuel cell
systems each containing a plurality of fuel cell modules. The
desired output power for the fleet is set by a power controller.
An efficiency for the fleet is achieved by controlling an effi-
ciency controller to optimize the fleet output power set by the
power controller. The efficiency may be determined by a ratio
of the fleet output current or output power to the fleet fuel
consumption.

Another embodiment is directed to a method for optimiz-
ing the efficiency of a fuel cell system. A fuel cell segment
within at least one module of the fuel cell system having a
lowest fuel utilization is identified. The output current of the
identified fuel cell segment is increased by an increment of
current. The module is evaluated and action is taken. For
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example, the action may include maintaining operating con-
ditions, removing the increment of current from the identified
segment, increasing the output current of the identified seg-
ment by a second increment of current, and selecting a dif-
ferent segment for the application of a third increment of
current.

Another embodiment is directed to a method for optimiz-
ing a profit of a fuel cell fleet having a plurality of fuel cell
systems each containing a plurality of fuel cell modules. The
method includes accessing process data regarding the fleet
such that the fleet is modeled, using a model-based cost
function to calculate optimized control variables for the fleet,
verifying the optimized control variables, deploying the opti-
mized control variables to the fleet, and repeating the steps of
accessing, using, verifying and deploying after the fleet
reaches steady state. It is to be understood that both the
foregoing general description and the following detailed
description are exemplary and explanatory only, and are not
restrictive of the invention as claimed.

DESCRIPTION OF THE DRAWINGS

These and other features, aspects and advantages of the
present invention will become apparent from the following
description, appended claims, and the accompanying exem-
plary embodiments shown in the drawings, which are briefly
described below.

FIG. 1 is a block diagram of a modular power generation
fleet.

FIG. 2 is a block diagram of a power generation fleet
according to an embodiment.

FIG. 3 is a block diagram of a power generation fleet
according to an embodiment.

FIG. 4 is a flow chart describing the operation of a power
generation fleet according to an embodiment.

FIG. 5 is a block diagram illustrating a model server
according to an embodiment.

FIG. 6 is a block diagram illustrating a TMO control flow
according to an embodiment.

FIG. 7 is a block diagram illustrating a fuel cell module
according to an embodiment.

FIG. 8 is a block diagram illustrating a hotbox having
columns i through N.

FIG. 9 is a system block diagram illustrating logic flow of
an optimization process according an embodiment.

FIG. 10 is a system block diagram of a computing device
suitable for use with any of the embodiments.

FIG. 11 is a system block diagram of a server device
suitable for use with any of the embodiments.

DETAILED DESCRIPTION

Embodiments of the present invention will be described
below with reference to the accompanying drawings. It
should be understood that the following description is
intended to describe exemplary embodiments of the inven-
tion, and not to limit the invention.

Equipment used to provide the power generation may be
sold to the customer, in which case the customer will deter-
mine the operating objectives for the fleet. On the other hand,
the supplier of the fleet may retain ownership over the fleet
and sell the power generated by the fleet to the customer.
Under this arrangement, the supplier establishes the objec-
tives for the fleet and manages the fleet accordingly. At any
given time, the operating characteristics of a single fuel cell
system within a fuel cell fleet may be different from the
operating characteristics of other fuel cell system in the fleet.
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In addition, component failures, changes in power demand
objectives and changes in the costs of fuel of the fuel cell fleet
may require promoting one objective over another. For
example, priority may be assigned to the objective of deliv-
ering a fixed amount of power from the fuel cell fleet during
a billing cycle. When fuel cell systems within the fleet are
off-line or operating at only partial capacity, it may be nec-
essary to subjugate other objectives, such as operating a fuel
cell system to maintain longevity of its components, on a
temporary basis to meet power generation objective.

According to one embodiment, the efficiency of an indi-
vidual power plant (e.g., a fuel cell system) is determined by
the power output and fuel input. The fuel cell output power is
used to provide the energy to drive the balance of plant (BOP)
loads. After prolonged operation, the fuel cell electrical resis-
tance increases. This requires more BOP load for cooling and
causes a concomitant decrease in fuel cell output voltage.
Three factors are analyzed from historically logged data.
First, the BOP power is calculated by measuring the differ-
ence between the expected and the measured power. Second,
the resistance of the fuel cells in the system is calculated from
current and voltage measurements and a model of the fuel
cells. Third, the power loss for each component in the power
conditioning system (PCS) is calculated. Each of these cal-
culations can be functions of current, system age, and other
process variables.

These factors are used to generate a model of each indi-
vidual fuel cell system which will predict the output power
and efficiency of an individual system based upon the current
set point to an individual fuel cell or a stack or column of fuel
cells. A Fleet Optimizer uses the model data to predict the
efficiency and power for a fleet of one or more systems. The
efficiency is then optimized to minimize the fuel consumption
while maintaining system output power and prolonging sys-
tem life.

In another embodiment, the total maintained output
(TMO) is the integrated time average output power of one or
more fuel cell systems. TMO is expressed a percentage of
rated nameplate output power for a system, a customer site, or
afleet of systems defined by contractual performance require-
ments. The TMO can be calculated on a lifetime, quarterly,
monthly, or weekly basis. A TMO controller monitors the
power output from a fleet of systems, integrates the value over
time, and compares the result to the TMO set point required
for the fleet. If one or more systems in the fleet are shut down,
the TMO controller will increase the power command to the
fleet in order to make up for the lost output power. The
increase in power will correct for the time-integrated error
caused by the lost output power. The TMO power command
is sent to a fleet optimizer to minimize the fuel consumption
(maximize efficiency). This will enable the contract obliga-
tions to customers to be exactly met at the end of each arbi-
trary billing period.

To provide context for the embodiments of the present
invention, FIGS. 1-4 from commonly owned U.S. Pat. No.
7,599,760, which patent is incorporated herein by reference,
are described below.

FIG. 1 is a block diagram of a modular power generation
fleet 1. The power generation fleet 1 is comprised of at least
one fuel cell cluster or system 10, which is made up of at least
one fuel cell module 20. The terms “system” and “cluster” are
used interchangeably herein. For example, three clusters or
systems 10 are shown. Each cluster 10 may contain any
suitable number of modules, such as one or more modules 20,
for example one to twenty modules, preferably four to eight
fuel cell modules. Each cluster 10 may also contain optional
power conditioning/electronics (i.e., inverters and other elec-
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tronics) and fuel processing (i.e., fuel treatment, fuel com-
pressors, desulferizers, etc.) modules. Each module 20 con-
tains a plurality of fuel cells, such as two to twenty fuel cell
stacks, for example four to eight stacks and associated bal-
ance of plant components. A non-limiting example of'a mod-
ule 20 is described in U.S. patent application Ser. No. 11/002,
681, filed Dec. 3, 2004, and U.S. Provisional Patent
Application No. 60/760,933, filed Jan. 23, 2006, both herein
incorporated by reference. Preferably, fuel cell module
includes a separate cabinet which contains at least one fuel
cell stack arranged in one or more columns located in a hot
box. Preferably, every column contains plural fuel cell stacks,
such as two to ten stacks, for example, four to eight stacks.
Preferably, every cabinet contains plural columns, such as
two to twenty columns, for example, four to eight columns.
One or more, preferably two or more columns connected
electrically in series make up a fuel cell segment. There may
be two to twenty fuel cell segments, for example four to eight
segments, with “+” and “~" electrical outputs in each hot box
as described in U.S. provisional application 61/386,257, filed
Sep. 24, 2010, which application is incorporated by reference
herein in its entirety. Fuel cell modules are electrically and
fluidly connected to the at least one fuel processing and power
conditioning modules. Balance of plant components, such as
blowers, valves, and control boards, etc. may be incorporated
into the housing and/or the hot box.

A fuel cell supervisory controller 25 is also provided for
each cluster 10. The supervisory controller 25 keeps the fuel
cell cluster running safely by adjusting various operating
parameters, such as the voltage to a blower VFD to maintain
a constant air flow rate. The primary objective of the fuel cell
supervisory controller 25 is to keep each individual fuel cell
module 20 stable during the module’s operation. In order to
maintain stable operation of each individual fuel cell module
20, the fuel cell supervisory controller 25 controls the opera-
tion of each fuel cell module 20 in reference to a number of
operational set points. The fuel cell supervisory controller 25
ensures that each fuel cell module 20 operates within an
acceptable range of these operational set points, thus main-
taining stable operation of each fuel cell module 20. For
example, an operator sets some of the set points for the
supervisory control—e.g. the reformer steam to carbon ratio,
or the desired amount of power to be produced. Supervisory
control happens on a very fast time scale—adjustments may
occur every 100 milliseconds to every couple of seconds.

The fuel cell supervisory controller 25 is capable of con-
trolling each individual fuel cell module 20. At any given
point in time, the operating characteristics of a single fuel cell
module 20 are different from that of the other fuel cell mod-
ules 20 in a system or cluster 10. The stack operating charac-
teristics may include temperatures, pressures, pressure drops,
differential pressures, fuel flow rate, power generation (i.e.,
current or voltage generation by module), fuel utilization, air
utilization, etc. The balance of plant (BOP) operating char-
acteristics may include pressures, pressure drops, differential
pressures, power consumption (by component or cumula-
tive), heat exchanger temperatures, heat exchanger tempera-
ture changes, heat exchanger effectiveness, reformer tem-
peratures, water flow rate, water inventory, steam:carbon
ratio, anode recycle flow rate, air flow rates (main flow rate to
the fuel cells or flow rate to a fuel exhaust burner or oxidizer),
etc.

However, stable operation of each fuel cell module 20 does
not necessarily ensure that the power generation fleet 1 as
whole is operating in the most economically efficient manner.

FIGS. 2 and 3 show a power generation system 2. The
power generation system 2 includes at least one fuel cell
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cluster 10, such as two to ten clusters, for example, three
clusters are shown in FIG. 2. Each fuel cell cluster 10 is made
of one or more fuel cell modules/systems (FCS) 20. In par-
ticular, a fuel cell cluster 10 is a cluster of fuel cell modules 20
that share a common fuel processing module (FPM) and
electronics module (ELEC). The electronics module includes
the supervisory controller 25 shown in FIG. 1. Thus, a single
fuel cell cluster 10 can be operated independently of other
fuel cell clusters 10. The FPM distributes (and if required,
treats) fuel from the central feed to a fuel cell cluster 10 to the
individual fuel cell modules 20. The ELEC receives the power
from one or more fuel cell modules 20, and modifies/condi-
tions the power into a usable form (e.g. modifies the output
voltage, transforms DC to AC, etc.).

One or more fuel cell economic controllers 30 may be
provided. For example, the system 2 may have a single con-
troller 30. Alternatively, each cluster 10 or each fuel cell
module 20 may have a separate economic controller 30, such
as a control circuit chip or microcomputer. While the eco-
nomic controller 30 may comprise the same device as the
supervisory controller 25, preferably the controllers 25 and
30 comprise separate devices. The fuel cell economic con-
troller 30 is capable of controlling each individual fuel cell
module 20. Each fuel cell cluster 10 is operably connected via
a bidirectional link to a data server 50. It should be understood
that the bidirectional link and any operable connection men-
tion herein may be implemented by any physical wire, cable
or fiber optic method as well as wirelessly.

As shown in more detail in FIG. 3, the connection between
each fuel cell module 20 and the data server 50 is provided via
a gateway 40. Preferably, the gateway 40 is a computer that
receives and sends information related to a fuel cell cluster 10
to the data server 50. The gateway may also perform super-
visory control. Typically the gateway 40 is located in close
physically proximity to the fuel cell cluster (or clusters) 10
that it serves. The data server 50 is operably connected via a
bidirectional link to a model server 60. In addition, as shown
in FIG. 2, the model server 60 may be operably connected to
an operator advisory station 70, such as a display or control
panel, which is operably connected to the fuel cell economic
controllers 30. The economic control illustrated in FIGS. 2
and 3 does not mimic or replace the supervisory control
because some of the set points are arbitrary and they are
determined to meet an economic optimum. The economic
control can occur on a much slower time scale than supervi-
sory control, for example with economic adjustments occur-
ring less frequently than once every ten minutes, for example
once or twice an hour.

FIG. 3 is a block diagram illustrating the optimization of a
multiple fuel cell fleets. As illustrated, a customer 1 has four
fuel cell systems or clusters 10. Customer 2 has five fuel cell
systems 10. Each fuel cell system 10 may have any number of
fuel cell modules 20, such as four, fuel processors and elec-
tronics modules. A gateway 40 is configured to interface with
one or more fuel cell system 10. As shown, a data server 50 is
operably connected via a bidirectional link to each gateway
40. Data regarding the operation of each fuel cell system 10 is
passed to the gateway 40. The gateway 40 then passes the data
to the data server 50.

The data server 50 collects data from each fuel cell system
10 during operation. Typically, the data is operational infor-
mation about the fuel cell system 10 and each fuel cell module
20. The data server 50 receives and stores stack and/or BOP
operating data, such as operating temperature, fuel flow rate
and utilization, output power, setting, as well as the other
operating data listed above from multiple fuel cell clusters 10
(possibly from multiple sites and/or multiple customers). The
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data server 50 can also send data back to the gateway 40,
typically the data is in the form of desired operational set
points for the fuel cell clusters 10. Either the individual gate-
way or the data server can also calculate derived properties,
e.g. fuel cell efficiency from fuel consumption and power
generation. Among other information, the data describes how
efficiently the fuel cell system 10 is operating. The data server
50 may also perform a data reconciliation function based on
the data received. Operating data from process equipment can
be imprecise, inconsistent and/or inaccurate due to instru-
mentation limitations. Data reconciliation uses relative
instrument reliabilities and models that incorporate physical
characteristics of the process to adjust the measured values
from the instruments to a consistent set of likely, “true” val-
ues.

The data server 50 can also send data to and receive data or
“tags” from the model server 60. For example, the data server
50 may be configured to store the operational data of numer-
ous fuel cell clusters 10. However, to expedite the modeling
and optimization advantages of the model server 60, the data
server 50 is configured to selectively provide the model server
60 data pertaining to the specific customer, and or fuel cell
cluster 10 of interest. Alternatively, due to bandwidth and/or
computer limitations, multiple data servers 50 may be used in
conjunction with multiple model servers 60.

The model server 60 is configured to model the operation
of'the power generation fleet 2. In addition, based on the data
acquired by the data server 50, the model server 60 is config-
ured to perform online optimization of the power generation
fleet 2, i.e., optimize the operation of the power generation
fleet 2 being modeled. The model server 60 is configured to
run in real-time concurrent to the operation of the power
generation fleet 2. It should be noted that the terms “real-
time” and “real-time optimization” means that the model uses
very recent data but does not mean that the model has to use
data from the exact same moment. Thus, the term “real-time”
includes within its scope and can be referred to as “near
real-time.” As shown in FIG. 3, the model server 60 may be
configured to optimize the operation of each customer site
independently or simultaneously. Alternatively, each cus-
tomer site may have its own model server 60.

FIG. 4 is a flow chart that outlines the optimization process.
First, operational data of the fuel cell clusters 10 is obtained
(Step 100) by the data server 50. This information is trans-
mitted to the model server 60. Operation of the fuel cell
clusters 10 is then modeled (Step 110). The model server 60
then determines set points for each fuel cell module 20 that
will allow the power generation fleet 2 to obtain optimal
economic and operational efficiency such as an optimal fuel
utilization rate, and/or the lowest operating cost (Step 120).
The suggested set points are transmitted back to the data
server 50. Accordingly, the data server 50 modifies the opera-
tion of the fuel cell clusters 10 to approach the suggested
operational set points (Step 130).

The model server 60 may be configured to execute at a
regular interval (e.g., once every hour). The model server 60
produces a high fidelity model of the fuel cell fleet 2. The
model server 60 is automated such that portions of the model
that are not applicable to a specific customer may be deacti-
vated. For example, as shown in FIG. 3, portions of the model
associated with fuel cell system 10 (two, four and five for
customer two) would be deactivated for customer one. The
model server 60 acquires the operational data of the fuel cell
systems 10 via the data server 50 and is configured to simulate
conditions indicated by the operational data. The model
server 60 is further configured to re-calibrate itself to simulate
optimum operational efficiency of the power generation fleet
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2 by determining the economic and operational optimum set
points of the power generation fleet 2. An operational opti-
mum can be related to maximizing efficiency while economic
optimums may include configuring the power generation fleet
2 to lower operating cost or maximize profit. Operational
optimums are also directed toward desired future operational
performance. For example, it may be desired to maximize the
profit of the fleet 2 while taking into account expected stack
degradation and replacement and maintenance costs.

The optimization operation can be continuous, such as
regulating the fuel flow rate and/or temperature of a fuel cell
module 20, or discrete, such as specifying which type of fuel
should be used (i.e., natural gas or propane, etc.) or whether a
specific fuel cell stack or module should be operational at all.
The model server 60 passes the re-calibration data back to the
data server 50. The model server 60 transmits data to the data
server 50 to reconcile, estimate and optimize the power gen-
eration fleet 2. In turn, the data server 50 sends commands to
individual fuel cell modules 20 in order to re-calibrate the
power generation fleet 2 so that it operates at optimum levels
based on the set points calculated by the model server 60.
Alternatively, the model server 60 may be configured to send
re-calibration data as recommendations to an operator advi-
sory station 70 instead of the data server 50. The operator
advisor station 70 allows a human operator to review the
model server’s 60 set point recommendations before they are
carried out. In turn, the operator can accept or reject or modify
the model server’s recommendations. In addition, the opera-
tor advisory station is configured to allow the operator to
automatically or manually send set point data to the fuel cell
controller 30.

The operational capabilities of the model server 60 will
now be described in further detail. The model server 60 is
configured to carryout several functions during a single run
cycle to obtain economically and operationally desirable set
points. For example, the model server 60 is capable of time
averaging received data values to damp instantaneous spikes.
Alternatively, the model server 60 maybe capable of perform-
ing data conditioning which is the rejection and replacement
of bad and/or nonsensical data with nominal values for that
operational data. The model server 60 is also capable of
performing data reconciliation where the model server 60 is
executed to reconcile contradictory measurement data based
on the expected reliability of individual measurement data.

The model server 60 may be configured to perform param-
eter estimation. Parameter estimation uses operating data
from process equipment to determine one or more character-
istic parameters to characterize operation in a model. Typi-
cally, the estimated parameter is not a fundamental measure-
ment. For example, the fouling factor for a heat exchanger
could be estimated from inlet and outlet flows and tempera-
tures from a heat exchanger and the design value of the heat
transfer coefficient. Parameter estimation may be included in
a data reconciliation step, or in a separate step. That is, the
model server 60 can determine key operational parameters for
the power generation system 2 that describe the system’s
current operation. For example, the model server 60 can
determine how much each fuel cell cluster 10 has degraded
from balance of plant (BOP) performance data.

With regard to economic considerations, the model server
60 can obtain the price, inreal-time, of all utilities (i.e., power,
natural gas) being used by the power generation fleet 2. In this
context, the price may be non-continuous (i.e., variable as a
function of time) in that the price may be affected by such
factors as a time of day, demand charges, such as peak charges
for a given period (e.g., given day(s) and/or month(s)), and
nominations, such as divergences from usage plans commu-
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nicated to the utility by the utility’s customers. Thus, as used
herein the “price” offered by a utility reflects the complexities
present in a typical commercial utilities contract and includes
both a static and a variable price as a function of time. Alter-
natively, the model server may use the data obtained from the
data server 50 in conjunction with other environmental data to
perform demand forecasting. Demand forecasting estimates
the power demand for an upcoming operating period. For
example, an estimate of the power required for air condition-
ing could be estimated from a forecast for the temperature and
relative humidity. Moreover, the model server 60 is config-
ured to use reconciled measurements, estimated parameters
and real-time prices to determine optimum set points for each
fuel cell module 20 within the power generation fleet 2. For
example, each fuel cell module 20 in a fuel cell cluster 10 can
be set to produce a different amount of power and/or to utilize
a different amount of fuel and/or operate at a different tem-
perature from one or more other modules. In the alternative,
the model server 60 can instruct the data server 40 to not vary
the power output of a particular fuel cell module 20 by more
than 5% or that the stack temperature must be kept below a
certain temperature. The model server 60 can also specify that
the stack degradation rate must be kept below a specified ratio
(e.g., 3%/10000 hours) or that a specific fuel cell module 20
not be operated at all for various reasons including repairs.

Alternatively, the model server 60 can be configured to take
into account customer specific features. For example, if the
customer is a data center, power use is expected to be divided
between clean power for running the servers, and normal
power for running the air conditioning. Model server 60 cal-
culations to determine the optimum power generation level,
as well as the control fleet set points to generate that power
could take into account one or more of the (1) real-time utility
pricing information (natural gas or electricity) (2) the cus-
tomer specific utility contract information (e.g. what is the
likelihood of setting a new peak for power consumption from
the grid) and (3) the customer specific demand information
(e.g. estimating the air conditioning load from the outside
temperature, relative humidity and server load, or estimating
the server load based on the time of day).

There is currently no solution for conducting real-time,
on-line data conditioning, data reconciliation, parameter esti-
mation, model execution and model optimization for fuel cell
systems, clusters of fuel cell systems for one site, or clusters
of fuel cell systems across multiple sites. The multiple site
based optimization achieved by the power generation system
leads to more efficient operation for energy customers and
higher profit for energy suppliers.

FIG. 5 is a block diagram illustrating a model server
according to an embodiment. In this embodiment, the model
server 60 comprises at least one of a fleet efficiency optimizer
or controller 63 and a total maintained output (TMO) (for
example, output power) controller 65. Preferably, server 60
contains both. The efficiency optimizer/controller 63 oper-
ates to set an optimum efficiency for a given power output
level of a fleet as set by the output power (TMO) controller 65.
In an embodiment, the fleet 2 may be operated for a single
entity (e.g., a customer) by a third party (e.g., a supplier of
power) to deliver a fixed amount of power. In this embodi-
ment, the efficiency optimizer 63 may be configured to gen-
erate a model of each individual fuel cell system or cluster 10
which will predict the output power and efficiency of an
individual system 10 based upon the current set point to an
individual fuel cell or a fuel cell stack, column or segment.

According to one embodiment, the efficiency (e.g., a ratio
of total power delivered to total fuel used) of an individual
system 10 is determined by the power output and fuel input.
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The fuel cell output power is used to provide the energy to
drive the balance of plant (BOP) loads. After prolonged
operation the fuel cell electrical resistance increases. This
requires more BOP load for cooling and causes a concomitant
decrease in fuel cell output voltage.

In an embodiment, three factors are analyzed from histori-
cally logged data. First, the efficiency optimizer 63 calculates
the difference between the expected BOP power consumption
and the actual measured BOP power consumption of the fuel
cell system 10. Second, the efficiency optimizer 63 calculates
the change in resistance of each fuel cell in each fuel cell
system 10 of the fleet by determining the current resistance
and comparing it to an expected resistance. The resistance of
afuel cell, fuel cell stack, column or segment at any particular
time may be determined from current and voltage measure-
ments of each fuel cell fuel cell stack, column or segment
within each fuel cell system or cluster 10. Third, the power
loss for each component in the power conditioning system
(PCS) is calculated. Each of these calculations can be func-
tions of current, system age, and other process variables.

The efficiency optimizer 63 uses these factors to generate a
model of each individual fuel cell system 10. The model is
used to predict the output power and efficiency of an indi-
vidual system based upon the current set point to an indi-
vidual fuel cell. This model is used in a numerical optimiza-
tion algorithm to predict the efficiency and output power for
a fleet of one or more systems. The efficiency is then opti-
mized by adjusting the set points of a system 10 to minimize
the fuel consumption while maintaining system output power
and prolonging system life.

In another embodiment, the total maintained output
(TMO) (for example, the power output) of a fleet 2 is the
integrated time average output power of the one or more fuel
cell systems 10 that make up the fleet. In an embodiment, the
TMO is expressed as a percentage of rated nameplate output
power for a system 10, a customer site, or a fleet 2 of systems
10 defined by contractual performance requirements. The
TMO may be calculated on a lifetime, quarterly, monthly, or
weekly basis. The TMO controller 65, which may also be
referred to as an output power over time controller, monitors
the power output from a fleet 2 of systems 10, integrates the
value over time, and compares the result to the TMO set point
required for the fleet 2. If one or more systems 10 in the fleet
2 are shut down, the TMO controller 65 will increase the
power command to the fleet 2 in order to make up for the lost
output power. The increase in power will correct for the
time-integrated error caused by the lost output power. The
TMO power command is sent to a optimizer 63 to minimize
the fuel consumption (maximize efficiency). This will enable
the contract obligations to customers to be exactly met at the
end of each arbitrary billing period. Alternatively, profit, cost
and/or system 10 useful operating lifetime may be optimized
instead of or in addition to efficiency.

FIG. 6 is a block diagram illustrating a TMO control flow
according to an embodiment.

The fleet 2 is defined (Circle 602) at least in terms of its
capacity (e.g., maximum power that can be output). A TMO
fleet setpoint (Circle 604) is established as a percentage of the
fleet capacity. For example, the TMO fleet setpoint as initially
established may be set to maximize the efficiency of the fleet
(e.g., as determined by optimizer 63) while meeting contrac-
tual obligations to the customer.

The fleet setpoint is compared to the actual power output of
the fleet (Circle 606) and the difference is expressed as a TMO
power error (Circle 608) in KW. By way of illustration and not
by way of limitation, the actual power output of the fleet may
be less than the fleet setpoint because of a complete or partial
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failure of a fuel cell system within the fleet or because of aging
of the of the fuel system components.

The TMO power error is integrated over time (Circle 610)
to produce a measure (“inventory accumulator” in units of
KW hr) of the output of the available system inventory over
the time period used to determine the TMO. The inventory
accumulator value reflects the actual power received by the
customer from the fleet at a point in time.

TMO inventory setpoint is compared to the inventory out-
put (Circle 612) to produce an inventory error (Circle 614),
which error represents a deficiency in the KW hr power out-
put of the fleet. The TMO controller 65 receives the inventory
error and establishes a new fleet power setpoint that reflects
the operational inventory of systems within the fleet (Circle
616). The new fleet power setpoint is received by the fleet
efficiency optimizer 63 to produce power commands for the
power conditioners of each operational system or cluster 10
within the fleet (Circle 618) that optimizes the efficiency of
fleet 2. The response of each operational system within the
fleet is measured (Circle 620) and summed (Circle 622) to
produce the total power output value in units of KW. This
summed value is again compared to the TMO setpoint (Circle
608).

In an embodiment, the fleet setpoint (Circle 604) is initially
matched to the load of a customer. The TMO controller 65
may adjust the initial setpoint according to information pro-
vided to the model server 60 by the data server 50 (see FIG. 5).
The initial TMO inventory setpoint (Circle 612) is established
from the fleet setpoint assuming a level of operation of the
fleet. The inventory setpoint may change based on the current
state of the fleet and the inventory error (Circle 614).

While under ideal conditions, the customer’s requirements
will be met while operating the fleet at or near its ideal
efficiency (determined by the total fleet power output divided
by the total fleet fuel input), conditions may arise where the
fleet is not available to supply power to the customer. In an
embodiment, the decisions of the efficiency optimizer 63 are
subjugated to the determination of the TMO controller 65. In
this embodiment, achieving the power delivery commitments
to a customer will take precedence over operating a fleet at its
optimum efficiency. However, the efficiency optimizer 63
will determine the most efficient operating parameters of the
fleet given the total fleet power output determinations of the
TMO controller.

As described previously, a measure of efficiency for a fleet
of'fuel cells is total the power output of the fleet divided by the
total fleet fuel input. One way to improve efficiency is to
optimize the fuel consumption of a fuel cell system 10.

FIG. 7 is a block diagram illustrating a fuel cell module
according to an embodiment. In this embodiment, the fuel
cell module 20 comprises fuel cell columns 70 interconnected
to form “N” fuel cell segments 72 with “I” fuel cell segment
current output for each of the N segments. As illustrated in
FIG. 7, the individual fuel cell segments 72 may be subjected
to differing current commands, but a default shared propor-
tion of the total fuel flow (F) in the module 20. Every column
may have one or more fuel cell stacks, such as four to eight
stacks. A module 20 may have two to twenty segments 72,
such as four to eight segments. Each segment 72 may have
one or more columns, such as two columns 70 connected in
series by a jumper 74. As illustrated in FIG. 7, a hot box 800
contains the segments 72 (segments “i”” through “N”’) formed
from columns 70. The “+” and “~” outputs of each segment
72 are connected to DC-DC converter 76. The outputs of the
DC/DC converters 76 are connected to form a dual bus that
provides three phase voltage (“+,” “-” and neutral) to an
inverter (not illustrated).
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According to an embodiment, a measure of fuel utilization
U, for a segment N is defined as Uf,=1,/F . In an embodi-
ment, F, is determined by measuring the backpressure (i.e.,
the resistance to fuel flow in each segment) of a segment to
determine the fuel flow through the segment. I, is determined
for each segment. For the module, Uy, .;/"1,,../F, wherein
F-3, _\(E).

While the U, limit for each fuel cell must be observed in
order to prevent damage to the cell, some segments may be
able to accept a higher current without violating the U limit.

Inan embodiment, a segment current [, is defined as I, ...,
~=L,+01; sdf. In this embodiment, 8], is an additional current
requirement commanded to the DC-DC converter that is con-
nected to segment “i”” For example, this additional current
may have a magnitude of about 0.1 amps per day. This addi-
tional current requirement does not result in any increase in
fuel consumption F by the module. Thus, the current has been
increased without an increase in fuel usage by the module.

When the module reaches equilibrium, Uy, Uy, Ug, . . .
U, are evaluated to determine the lowest U In an embodi-
ment, the evaluation of U, is conducted by perturbing the
current or fuel flow and monitoring dV/dU, In another
embodiment, the evaluation of U is determined by an electro
impedance specific (EIS) measurement.

In yet another embodiment, the evaluation of U,is deter-
mined by reference to a voltage-current (V-I) plot of each
segment. In this embodiment, all of the segments are deemed
to have the same operating characteristics. The output current
1, of each segment is measured. The temperature in each
segment is measured using, for example, a thermocouple. The
voltage V_,,, of each segment is known. V,, is therefore, a
function of I, temperature and U, U, may be calculated
fromV_,,, 1, and temperature. Additionally, if the tempera-
ture of the segments is the same or about the same, then U is
proportional to the output current such that if 1_,,, of segment
1 is greater than 1,,, of segment 2, then U, of segment 1 is
greater than U of segment 2.

For the segment with lowest U -or best “health,” one incre-
ment of 3, is added to the output current and a new steady
state is reached. The application of 8], results in an increase in
heat due to (31,)°R. The selected segment “i” will become
hotter. As it becomes hotter, flow back-pressure will increase.
Uy, for the selected segment will increase further as aresult. U,
for other segments will decrease as a result (leaving them in a
more healthy condition).

The state of the module is evaluated after the application of
81, and one of the following occurs: (a) Conditions are main-
tained; (b) 81, is removed (if the selected segment suffers); (c)
one more 0], is injected for the selected segment; or (d) select-
ing a different segment for the application of 81, based on a
change in U that renders the different segment the current
“healthiest” segment. The process is iterated periodically as
desired.

FIG. 81s a block diagram illustrating a hotbox in module 20
having columns i through N. In an embodiment, the maxi-
mum fuel utilization U of the hotbox 800 is determined from
historical data. The fuel utilization sensitivity (FUS) of each
of the cold columns of a fuel cell segment is determined by
drawing incremental current 01 from the cold columns. The
voltage of a fuel cell column (V,,,) is a function of the
column’s fuel usage (Uy). A change inV,,, in response to the
application of incremental current 31 represents the FUS of
the column. Drawing more current from a column will
increase both its current I and resistance R thereby increasing
the column temperature. The current may be limited by a
maximum fuel utilization for a column that may be deter-
mined from historical data. The process is iterated to find a
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more uniform thermal distribution (and better efficiency)
among the columns. In another embodiment, weighted con-
straints are imposed on local U and thermal uniformity of a
hot box. The hotbox is then monitored to determine a maxi-
mum efficiency. The weights on the two constraints can be
changed over system operational time.

FIG. 9 is a system block diagram illustrating logic flow of
an optimization process according an embodiment.

The fleet is defined 902. The fleet definition may identify
systems that make up the fleet, the power to be generated by
the fleet and any constraints on the operation of the fleet or
fleet components. By way of illustration and not by way of
limitation, the constraints may be expressed as set points or
ranges for particular operating parameters that may be used
by control elements to regulate the operation of the fleet or
fleet components.

Process data regarding the fleet is accessed and the fleet
modeled 904. The model is preferably initialized with near
real-time process data so that accurate process variables (e.g.,
parameters) can be calculated. For example, the data may
comprise a margin table of electricity and fuel (e.g., natural
gas) prices for each installed system in the fleet. This data is
used to optimize the profit of the fleet as described below.

Non-steady-state systems and operator selected systems in
the fleet may be excluded from the optimization process. By
way of illustration, a system within the fleet that is coming on
line may be excluded from the optimization process until the
system has reached steady state in order not to interfere with
other control processes that regulate system start-up. Addi-
tionally, systems may be identified that are not appropriate for
optimization. For example, a medical facility that provides
critical services may be allowed to operate inefficiently to
assure that the critical services are not interrupted.

A feasibility study is performed 908. The feasibility study
may be used to determine whether the fleet as defined is a
candidate for optimization. If the fleet may be optimized, the
feasibility study may also be used to choose a particular
optimization methodology (for example, a particular optimi-
zation algorithm) for the fleet.

A fleet that is candidate for optimization is optimized
according to the selected optimization methodology 910. The
optimization process may optimize one or more selected
functions, such as system or fleet efficiency and/or operating
cost (i.e., profit optimization). For example, one optimization
process may use a model-based cost function to arrive at the
optimal control variables (e.g., parameters) for a given fleet or
collection of fuel cell systems.

The optimization control variables of the selected optimi-
zation methodology are verified and then deployed to the fleet
912. The fleet is allowed to reach steady state 914.

The optimization is then iteratively applied beginning at
step 902. In other words, the steps 902-912 are repeated after
the fleet reaches steady state. With each iteration of the model,
a full set of process parameters are calculated and then fed
into the cost function. The final output of the cost function is
operator defined and may include system efficiency, system
power output, system life, profit, or other parameters. Addi-
tionally, the optimizer may use operator selected constraints
which may include overall fleet efficiency, individual fuel cell
system efficiency, overall fleet power, individual fuel cell
system power, current set points and other criteria.

FIG. 10 is a block diagram of a computing device suitable
for use with any of the embodiments. Such a computing
device 1000 typically includes a processor 1001 coupled to
volatile memory 1002 and a large capacity nonvolatile
memory, such as a disk drive 1003. Typically, software appli-
cations may be stored in the internal memory 1002 before
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they are accessed and loaded into the processor 1001. The
processor 1001 may include internal memory sufficient to
store the application software instructions.

The computing device 1000 may also include a floppy disc
drive 1004 and a compact disc (CD) drive 1005 coupled to the
processor 1001. Typically the computing device 1000 will
also include a pointing device such as a mouse 1007, a user
input device such as a keyboard 1008 and a display 1009. The
computing device 1000 may also include a number of con-
nector ports 1006 coupled to the processor 1001 for estab-
lishing data connections or network connections or for receiv-
ing external memory devices, such as a USB or FireWire
connector sockets. In a notebook configuration, the computer
housing includes the pointing device 1007, keyboard 1008
and the display 1009 as is well known in the computer arts.

While the computing device 1000 is illustrated as using a
desktop form factor, the illustrated form is not meant to be
limiting. For example, some or all of the components of
computing device 1000 may be implemented as a desktop
computer, a laptop computer, a mini-computer, or a personal
data assistant.

The various embodiments may also be implemented on the
on any of a variety of commercially available server devices,
such as the server 1100 illustrated in FIG. 11. Such a server
1100 typically includes a processor 1101 coupled to volatile
memory 1102 and a large capacity nonvolatile memory, such
as a disk drive 1103. The server 1100 may also include a
floppy disc drive, compact disc (CD) or DVD disc drive 1104
coupled to the processor 1101. The server 1100 may also
include network access ports 1106 coupled to the processor
1101 for establishing data connections with a network 1112,
such as a local area network coupled to other broadcast sys-
tem computers and servers. Servers 1100 may also include
operator interfaces, such as a keyboard 1108, pointer device
(e.g., a computer mouse 1110), and a display 1109.

The processors 1001 and 1101 may be any programmable
microprocessor, microcomputer or multiple processor chip or
chips that can be configured by software instructions (appli-
cations) to perform a variety of functions, including the func-
tions of the various embodiments described below. In some
mobile receiver devices, multiple processors may be pro-
vided, such as one processor dedicated to wireless commu-
nication functions and one processor dedicated to running
other applications. Typically, software applications may be
stored in the internal memory 1002, 1102, and or 1103 before
they are accessed and loaded into the processors 1001 and
1101. The processor 1001 and 1101 may include internal
memory sufficient to store the application software instruc-
tions.

The foregoing method descriptions and the process flow
diagrams are provided merely as illustrative examples and are
not intended to require or imply that the steps of the various
embodiments must be performed in the order presented. As
will be appreciated by one of skill in the art the steps in the
foregoing embodiments may be performed in any order.
Words such as “then,” “next,” etc. are not intended to limit the
order of the steps; these words are simply used to guide the
reader through the description of the methods. Although pro-
cess flow diagrams may describe the operations as a sequen-
tial process, many of the operations can be performed in
parallel or concurrently. In addition, the order of the opera-
tions may be re-arranged. A process may correspond to a
method, a function, a procedure, a subroutine, a subprogram,
etc. When a process corresponds to a function, its termination
may correspond to a return of the function to the calling
function or the main function.
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The various illustrative logical blocks, modules, circuits,
and algorithm steps described in connection with the embodi-
ments disclosed herein may be implemented as electronic
hardware, computer software, or combinations of both. To
clearly illustrate this interchangeability of hardware and soft-
ware, various illustrative components, blocks, modules, cir-
cuits, and steps have been described above generally in terms
of their functionality. Whether such functionality is imple-
mented as hardware or software depends upon the particular
application and design constraints imposed on the overall
system. Skilled artisans may implement the described func-
tionality in varying ways for each particular application, but
such implementation decisions should not be interpreted as
causing a departure from the scope of the present invention.

Embodiments implemented in computer software may be
implemented in software, firmware, middleware, microcode,
hardware description languages, or any combination thereof.
A code segment or machine-executable instructions may rep-
resent a procedure, a function, a subprogram, a program, a
routine, a subroutine, a module, a software package, a class,
or any combination of instructions, data structures, or pro-
gram statements. A code segment may be coupled to another
code segment or a hardware circuit by passing and/or receiv-
ing information, data, arguments, parameters, or memory
contents. Information, arguments, parameters, data, etc. may
be passed, forwarded, or transmitted via any suitable means
including memory sharing, message passing, token passing,
network transmission, etc.

When implemented in software, the functions may be
stored as one or more instructions or code on a non-transitory
computer-readable or processor-readable storage medium.
The steps of a method or algorithm disclosed herein may be
embodied in a processor-executable software module which
may reside on a computer-readable or processor-readable
storage medium. A non-transitory computer-readable or pro-
cessor-readable media includes both computer storage media
and tangible storage media that facilitate transfer of a com-
puter program from one place to another. A non-transitory
processor-readable storage media may be any available
media that may be accessed by a computer. By way of
example, and not limitation, such non-transitory processor-
readable media may comprise RAM, ROM, EEPROM, CD-
ROM or other optical disk storage, magnetic disk storage or
other magnetic storage devices, or any other tangible storage
medium that may be used to store desired program code in the
form of instructions or data structures and that may be
accessed by a computer or processor. Disk and disc, as used
herein, includes compact disc (CD), laser disc, optical disc,
digital versatile disc (DVD), floppy disk, and blu-ray disc
where disks usually reproduce data magnetically, while discs
reproduce data optically with lasers. Combinations of the
above should also be included within the scope of computer-
readable media. Additionally, the operations of a method or
algorithm may reside as one or any combination or set of
codes and/or instructions on a non-transitory processor-read-
able medium and/or computer-readable medium, which may
be incorporated into a computer program product.

When implemented in hardware, the functionality may be
implemented within circuitry of a wireless signal processing
circuit that may be suitable for use in a wireless receiver or
mobile device. Such a wireless signal processing circuit may
include circuits for accomplishing the signal measuring and
calculating steps described in the various embodiments.

The hardware used to implement the various illustrative
logics, logical blocks, modules, and circuits described in
connection with the aspects disclosed herein may be imple-
mented or performed with a general purpose processor, a
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digital signal processor (DSP), an application specific inte-
grated circuit (ASIC), a field programmable gate array
(FPGA) or other programmable logic device, discrete gate or
transistor logic, discrete hardware components, or any com-
bination thereof designed to perform the functions described
herein. A general-purpose processor may be a microproces-
sor, but, in the alternative, the processor may be any conven-
tional processor, controller, microcontroller, or state
machine. A processor may also be implemented as a combi-
nation of computing devices, e.g., a combination of a DSP
and a microprocessor, a plurality of microprocessors, one or
more microprocessors in conjunction with a DSP core, or any
other such configuration. Alternatively, some steps or meth-
ods may be performed by circuitry that is specific to a given
function.

Any reference to claim elements in the singular, for
example, using the articles “a,” “an” or “the,” is not to be
construed as limiting the element to the singular.

The preceding description of the disclosed embodiments is
provided to enable any person skilled in the art to make or use
the present invention. Various modifications to these embodi-
ments will be readily apparent to those skilled in the art, and
the generic principles defined herein may be applied to other
embodiments without departing from the spirit or scope of the
invention. Thus, the present invention is not intended to be
limited to the embodiments shown herein but is to be
accorded the widest scope consistent with the following
claims and the principles and novel features disclosed herein.

What is claimed is:

1. A power generator, comprising:

a fuel cell fleet comprising a plurality of fuel cell systems,
wherein at least one or more of the plurality of fuel cell
systems is operational;

a data server operably connected to each of the plurality of
fuel cell systems, wherein the data server is configured
to obtain operational data from each of the plurality of
fuel cell systems; and

a total maintained output (TMO) controller operably con-
nected to the data server and configured to:
determine a TMO power for the fleet integrated over a

first portion of a predetermined time period from the
operational data;
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compare the TMO power over the first time period to a
TMO power set point established for the fleet for a
first portion of the predetermined period; and

increase the power output of the operational fuel cell
systems of the fleet for a second portion of the prede-
termined time period when the TMO power over the
first portion of the predetermined time period is less
than the TMO power set point for the first portion of
the predetermined time period, wherein the increased
power output during the second portion of the prede-
termined time period is configured to make up for a
lost amount of TMO power below the TMO power set
point over the first portion of the predetermined time
period by an end of the predetermined time period;
and

wherein the predetermined period comprises a lifetime
of the power generator.

2. The power generator of claim 1, further comprising an
efficiency controller operably connected to the TMO control-
ler and configured to:

predict an efficiency and the power output of the fleet from

the operational data, wherein the efficiency is deter-

mined by a ratio of fleet output current or output power
to the fleet fuel consumption; and

optimize the efficiency of the fleet to minimize the fleet fuel

consumption while maintaining a desired fleet output

power.

3. The power generator of claim 2, wherein each fuel cell
system comprises:

a plurality of fuel cell modules, each containing a plurality

of fuel cell stacks;

a fuel processing module adapted in operation to deliver

fuel to the plurality of fuel cell modules; and

an electronics module adapted in operation to receive

power from the fuel cell modules and modify the

received power into a usable form.

4. The power generator of claim 3, wherein the efficiency
controller is configured to control the operation of each indi-
vidual system in the fleet.

5. The power generator of claim 2, wherein the fuel cell
systems are operably connected to the data server via a gate-
way.



